Metal cations are ubiquitous components in biological environments and play an important role in regulating cellular functioning and membrane properties. By applying metadynamics simulations, we have performed systematic free-energy calculations of Na + , K + , Ca 2+ , and Mg 2+ bound to phospholipid membrane surfaces for the first time. The free-energy landscapes unveil specific binding behaviors of metal cations on phospholipid membranes. Na + and K + are more likely to stay in the aqueous solution, and can easily bind to a few lipid oxygens by overcoming low free-energy barriers. Ca 2+ is most stable when bound to four lipid oxygens of the membranes, rather than being * To whom correspondence should be addressed † Technical University of Catalonia-Barcelona Tech ‡ Boston University ¶ University of Cambridge 1 hydrated in the aqueous solution. Mg 2+ is tightly hydrated, and can hardly lose a hydration water and bind directly to the membranes. When bound to the membranes, the cations' most favorable total coordination numbers with water and lipid oxygens are the same as their corresponding hydration numbers in aqueous solution, indicating a competition between ion binding to water and lipids. The binding specificity of metal cations on membranes is then highly correlated with the hydration free-energy and the size of the hydration shell.
INTRODUCTION
Specific ion effects on biological systems have drawn great attention during last decades.
1
In general, specific effects for cations are less pronounced than those for anions when ionwater interactions are dominant. 2 However, for biological membranes in physiological environments, the interactions between metal cations and charged lipid headgroups are also essential and significant. Metal cations bound to membranes have been found to regulate membrane properties and membrane functioning, and such regulations deeply depend on the ion specificity. 3, 4 Therefore, the understanding of specific interactions of metal cations with membranes is of great fundamental importance.
Several experiments suggest that metal cations are bound to the phosphate and carbonyl regions of phospholipid membranes. [5] [6] [7] [8] While bound to membranes in aqueous solution, a hydrated metal cation will lose one or more water molecules from its first hydration shell, resulting in several possible bound configurations. 9,10 Although the binding constant and
Gibbs free-energy of metal cation can be estimated from experiments, 9 detailed studies of the relative stabilities of different bound states are difficult. Molecular dynamics (MD)
simulations have been widely employed to investigate the role of metal cations in solvated phospholipid membranes from an atomic point of view. 8,10-16 Nevertheless, the theoretical study of ionic binding to membranes is a computationally demanding task due to the long simulation times required to probe ion-membrane association and dissociation events. In addition, various bound configurations are separated by high free-energy barriers, making it difficult for MD simulations to sample them adequately. 17 Free-energy calculations using enhanced sampling techniques provide a method to address the problem. However, despite the significant progress of free-energy calculations achieved in recent years, 18 to the best of our knowledge, the binding free-energy landscape of metal cations on membrane surfaces is still missing. This is partially due to the difficulty of applying appropriate sampling techniques to address the problem, and also because of the complexity of the membrane environments, making the determination of the proper collective variables a difficult challenge. 
RESULTS
The resulting 2D free-energy surfaces (FES) of metal cations bound to DMPC membranes are shown in Figure 1 . A staircase pattern is present in the FES of Na + in Figure 1a . The Na + ion is considered to be in the aqueous solution at CLP = 0, where it can be hydrated by at most 8 water molecules. When it is fully dehydrated (CWT = 0), Na + can be bound to at most 7 lipid oxygens. Between these two extreme cases, Na + is bound to oxygens [2, 6] with the total coordination number (CLP+CWT)∈ [5, 7] .
While staying in the aqueous solution is most favorable for the monovalent metal cations, i.e. Na + and K + , being bound to the membrane surfaces is most stable for Ca 2+ . The global free-energy minimum at (2, 4) in Figure 1c indicates that Ca 2+ is preferably bound to 4 lipid oxygens (see Figure 2b) , rather than being hydrated in the aqueous solution. calculations. This is attributed to the high energy required for partial dehydration of the first hydration shell of Mg 2+ , which is shown in Figure 3d , where only the case with CLP = 0 is considered. A quantitative representation of the above FES is given in Figure 3 , where the freeenergies are plotted as a function of CWT at various CLP, and in Table 1 , where the most relevant binding states are selected. As shown in Figure 3a , several hydration free-energy basins have been found for CLP = 0, where Na + is unbound to membranes. The most stable hydration state for Na + is the hydration with 5 water molecules, in agreement with the hydration number measured by experiments. 36, 37 The ion is considered bound to the membrane when CLP > 0. For Na + at low binding, i.e. for CLP = 1, 2, 3, the corresponding minimum free-energies are located at hydration levels CWT = 4, 3, 2, respectively, being 5 the total coordination number, which is the same as experimental hydration number.
36,37
At high binding, i.e. for CLP = 4, 5, 6, the most stable hydration levels are CWT = 2, 1, 0, respectively, being 6 the total coordination number. The states with CLP = 1, 2, 3 and total coordination number of 5 ∼ 6 are the lowest free-energy bound states, which are 1 ∼ 2 kcal/mol higher than the global minimum at CLP = 0. A quantitative characterization of the free-energies of those states is given in Table 1 . Consequently, those are the most likely bound states of Na + that one is expected to find in a DMPC membrane immersed in a NaCl aqueous solution.
As shown in Figure 3b , the profiles for K + are similar to those for Na + . The hydration with 5 or 6 water molecules is most stable for K + at CLP = 0, in agreement with the experimental hydration number. 36,37 Free-energy barriers constraining K + at the stable hydration states (CWT = 5, 6) are smaller than those for Na + (CWT = 5), indicating a weaker affinity for water molecules of K + . At low binding, i.e. for CLP = 1, 2, 3, the corresponding minimum free-energies are located at hydration levels CWT = 5, 4, 3, respectively, resulting in a total coordination number of 6, which is the same as the experimental hydration number of K + . 36, 37 Note that the free-energy barriers for the lowest energy bound states of K + are also smaller than those for Na + , indicating an easier release from lipid binding sites.
While being hydrated in aqueous solution (CLP=0) is the most favorable state for Na + and K + , for Ca 2+ that state is ∼ 16 kcal/mol higher than the global minimum, as shown in Figure 3c . This shows that staying in the aqueous solution is greatly unfavorable for Ca 2+ compared to being bound to the membranes. In aqueous solution, the most stable hydration states for Ca 2+ are CWT = 6, 7, consistent with experimental hydration number. 38, 39 The most stable bound state for Ca 2+ is at (CWT = 2, CLP = 4), where the total coordination number is 6. Other stable bound states are at CLP = 3, 4, 5 with total coordination number of 4 ∼ 6, which are 2 ∼ 4 kcal/mol higher than the global minimum (see Table 1 ). These bound states are also the global minima of the FES, which are 12 ∼ 16 kcal/mol lower than the lowest energy unbound states at CLP = 0. For Ca 2+ , we obtain a significantly stronger binding to phospholipid membranes over aqueous solution than for Na + and K + where the binding is weak, in agreement with experiment. 7 For the ions considered, the ion binding free-energy has its minimum at the same total coordination number (CLP+CWT), irrespective of CLP or CWT, as shown in Table 1 and Figure S1 of the Supporting Information, and coincides with the hydration number in solution. This is a clear indication of the competition between ion binding to water and lipids, and is responsible for the correlation between ion hydration and ion binding specificity at the membranes. Figure 3d shows that in aqueous solution the hydration with 6 water molecules is the 
CONCLUSIONS

